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PET, SPECT, and Probes in Drug
Design and Development

Henry N. Wagner, Jr.

INTRODUCTION

The technology of nuclear medicine has the potential of bringing
together three approaches to drug design and development: genetic,
biochemical, and pharmacologic (Burns et al. 1993; Bice et al. 1986;
Jefferies et al., submitted; Swann 1988). For example, using
polymerase chain reaction, one can synthesize large quantities of
complementary RNA related to the production of a specific
biochemical such as D,-dopamine receptors. The structure of the
receptor can be determined by means of x-ray crystallography. The
essential features of the structure of the receptor that relate to the
binding and activation of D,-dopamine receptors can be determined.
Using positron-emitting tracers, one can determine the site, quantity,
and degree of occupancy of the receptors and examine the reuptake of
dopamine into presynaptic dopaminergic neurons through the dopamine
transporter (Gamett et al. 1983; Wagner et al. 1983). Thus, the status
of both the presynaptic and postsynaptic neurons can be examined. If
one can successfully label oligonucleotides such as the antisense
oligonucleotide related to dopamine receptor synthesis, factors affecting
the synthesis of D,-dopamine receptors could be examined. In essence,
nuclear medicine makes it possible to relate genotypes, chemotypes,
and phenotypes. The essence of modem nuclear medicine is in vivo
biochemistry of living human beings.

At the annual meeting of the Society of Nuclear Medicine held in Los
Angeles in June 1992, Dewanjee and colleagues (1992) from the
University of Miami reported that they had labeled an antisense
oligonucleotide with a diethylenetriaminepenta-acetic acid (DTPA)
chelate of '"'In. When injected intravenously, the tracer bound to
leukocytes. Many problems such as nonspecific binding remain to be
solved, but, if the oligonucleotide binds successfully to messenger
RNA (mRNA), it could represent a major focus of radiotracer



development for in vivo studies. The primary message is that carried
by mRNA, which controls the synthesis of polypeptides or proteins.

By looking at the receptors themselves, it is possible to determine the
required shape, hydrophilicity, charge, and other factors that result in
binding by the receptor with a high affinity. It is possible to design
tracers as well as therapeutic agents to conform to the structural
requirements. The pharmacokinetics of these agents can be examined
and the relationship between structure and function assessed.

Even with complete knowledge of the genome, it would be necessary
to examine the biochemical expression of the genome. One important
genetic principle is pleotropism, which states that an abnormal gene
can result in many different diseases. A defective polypeptide can
result in failure of multiple systems, resulting in many different
phenotypic manifestations of disease. A second principle is genetic
heterogeneity, which states that many different gene abnormalities can
result in or produce the same disease manifestations. Thus, the
approaches to disease should be genetic, biochemical, and
pharmacologic.

USING PET AND SPECT TO TREAT DISEASE

With positron emission tomography (PET) and single photon emission
computed tomography (SPECT), researchers can begin to close the
circle between brain chemistry and behavior. Not only amine receptors
but also polypeptide receptors have been studied successfully.

Peptides are bound by specific receptors, are inexpensive to produce
by genetic engineering techniques, and are quickly cleared from the
blood. Most of the 50-odd peptides are amenable to radiotracer
development. One characteristic of peptides is that they do not cross
the blood-brain barrier. With the application of the ability to examine
various parts of neuroreceptor systems, including the dopamine and
opiate systems, it is now possible to examine a whole new approach to
drug therapy-the direct installation of amines or peptides into specific
regions of the brain. Examples of potential applications of the
approach are the treatment of Parkinson’s disease (PD) by the infusion
of amines or nerve growth factors, of epilepsy by local infusion of
drugs (Frost et al. 1985; Mazziotta and Engel 1984), or of intractable



pain by blocking pain receptors. This approach of direct infusion into
specific regions of the brain might be useful for the treatment of
persons suffering from substance abuse.

PET and SPECT technology could help develop increasingly specific
drugs by adding in vivo biochemistry to physiology in drug design and
development. The vasopressin story is a prototype. The vaso-
constrictive effect of native vasopressin was removed from the
antidiuretic effect of vasopressin, which makes it more effective in the
treatment of diabetes insipidus. Genetic engineering produces an
effective drug that has only an antidiuretic effect. Biochemical tracing
and biochemical treatment are two sides of the same coin-molecular
medicine. More and more specific tracers directed toward particular
biochemical recognition sites have been developed.

From the beginning of the pioneering studies with ["*F]deoxyglucose,
PET was concerned primarily with bioenergetics (Phelps et al. 1986).
Today, both PET and SPECT make it possible to examine intercellular
communication in living human beings. Life is maintained because
atoms and molecules can recognize each other. More diseases are
being characterized as problems with intracellular communication. In
the absence of vasopressin receptors, a person develops congenital
diabetes insipidus because vasopressin cannot be recognized.

Another example of a disease involving neurotransmission is PD. In
the mid-1960s, it was discovered that patients with PD have a
deficiency of dopamine in the basal ganglia as a result of degeneration
of dopaminergic neurons in the substantia nigra. In 1983, it became
possible to image and quantify D,-dopamine receptors in the living
human brain with the tracer [''C]N-methyl spiperone (NMSP). Since
that time, both PET and SPECT have been used to examine many
aspects of dopamine biochemistry in the human brain. For example,
dopamine synthesis can be examined with fluorine-labeled L-dopa.
The secretion of dopamine can be measured by its competitive
inhibition of tracers that bind to dopamine receptors. It is possible to
assess the availability of both presynaptic and postsynaptic receptors,
including the presynaptic dopamine transporter involved in the action
of cocaine.



Although the state of the art of PET and SPECT imaging has a spatial
resolution of about 5 mm, specific chemicals can be used to
differentiate the effects of drugs on structures that are only micro-
meters apart. For example, if one produces a unilateral lesion of
presynaptic dopaminergic neurons by injecting the neurotoxin 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) into a single
internal carotid artery, the impairment of presynaptic neurons, but not
postsynaptic neurons, can be documented by quantitative imaging of
the presynaptic dopamine transporter with [''C]-labeled WIN 45-428
and of the postsynaptic dopamine receptors with [''C]NMSP.

The dopaminergic system has been studied extensively by PET, and
the serotonergic system also is becoming a major focus. For example,
there is now an effective tracer of the serotonin presynaptic transporter
available in both active and inactive isomeric forms that makes
possible subtraction images and facilitates quantification.

COMPARISONS BETWEEN PET AND SPECT

What about the relative merits of PET and SPECT in drug design and
development? The most fundamental difference lies in the radio-
nuclides that each employs. PET tracers are chiefly those of [''C] and
[''F] and, to a lesser degree, N and ""O. SPECT primarily uses
iodine- 123 (['®I]) or technetium-99m (Tc-99m). The major problem
with PET is related to the short half-life of [''C] (20 minutes) and ["*F]
(2 hours). The half-life of Tc-99m is 6 hours and that of ['*I] is

13 hours, which greatly decreases the demands of the study. If a study
can be carried out successfully with SPECT, it should be used. Many
studies cannot be done with SPECT. The chief advantage of PET is
related to [''C]. Chemistry will always be easier with [''C] than it will
be with ['I] or Tc-99m, so many new tracers can be developed faster
with PET than with SPECT. However, PET successes are translated
into more widespread use by extending them to SPECT.

Using PET facilitated the study of D,-dopamine receptors and
transporters. First, [''CINMSP was developed; its success led to the
development of ['*I]-labeled benzamides for the study of D,-dopamine
receptors by SPECT. The presynaptic transporter initially was
examined with a [''C] tracer that is specific for the dopamine
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transporter. The SPECT tracer-['*’I] RTI-55-was then developed
and found to bind to both serotonin and dopamine presynaptic
transporters. The iodinated tracer also was found to have a higher
affinity for the transporter than the [''C] compound.

Another advantage of the ['*I] tracers is related to their 13-hour half-
life, which makes it possible to carry out studies for 24 or more hours
after injection of the tracer. By that time, nonspecific binding is less
than that observed soon after injection of the [''C]-labeled tracer
because of its 20-minute half-life.

USING PET AND SPECT TO PLAN TREATMENT

The purpose of studies with these new tracers of recognition sites is to
characterize patients biochemically, as well as physiologically, and
then plan treatment for them on the basis of their chemical
abnormalities. Because the classification is biochemical, the treatment
often can be chemical, and the response to treatment can be assessed
chemically. PET and SPECT do not just provide new tests for “old”
diseases. They provide a whole new way of looking at disease-an
approach based on in vivo biochemistry (i.e., molecular medicine).

An example of an “old” disease is Alzheimer’s disease. Dementia is
the primary presenting problem; senile plaques and neurofibrillary
tangles in histopathological sections of the brain are the basis of
classification. Dementia is analogous to heart failure in representing a
heterogeneous population. It is naive to search for a single biological
marker that will characterize all patients who meet the phenotypical
criteria for schizophrenia as described in the Diagnostic and Statistical
Manual of Mental Disorders (American Psychiatric Association 1987).
Schizophrenics are also a very heterogeneous population of patients.
The status of specific neuronal systems, the perturbation of which may
help the patients, must be determined. In vivo chemistry can be used
to try to answer the five basic questions that describe the practice of
medicine:

*  What is wrong with the patient?
* How did it happen?
*  What is going to happen?



*  What can be done about it?
¢ s the problem being solved?

The approach to movement disorders is a good example. In patients
with typical idiopathic PD, both D;- and D,-dopamine receptors are
intact, and patients benefit from being given L-dopa to increase
dopamine synthesis or bromocriptine to stimulate the intact D,-
receptors. Other patients with movement disorders involving
nigrostriatal degeneration have impaired D,-dopamine receptors and
will not be helped by either L-dopa or bromocriptine treatment.

The development of a SPECT tracer of D,-dopamine receptors called
['*Iliodobenzamide extended the PET studies to larger numbers of
patients with movement disorders. A recent study (Dewanjee et al.
1992) included 60 patients with idiopathic PD, 17 controls, and 30
patients with Parkinson’s syndrome. Quantification with PET was
more accurate than with SPECT. Some investigators (e.g., Dewanjee
et al. 1992) have used simple indices such as the basal ganglia to
frontal cortex activity ratios in ['*IJiodobenzamide studies of D,-
dopamine receptors. There is a dangerous tendency to oversimplify
when a method becomes simple. SPECT studies should be carried out
drawing on the lessons learned from decades of PET. Attenuation
correction, positioning, errors related to the limitations in spatial
resolution, and many other technical factors are as important for
SPECT as for PET.

ROLE OF SOMATOSTATIN RECEPTORS IN CANCER
DIAGNOSIS

An example of an advance made recently in SPECT is the study of
somatostatin receptors by Krenning and colleagues (1992a) from the
Netherlands. They used an 8-amino acid polypeptide analog of
somatostatin, a growth suppressor. The tracer, octreotide-111, was
labeled with an '''In DTPA chelate. Developed in Sandoz Research
Institute, the labeled octreotide was investigated initially at the
University of Rotterdam by Krenning and colleagues. To date, they
have studied more than 1,000 patients with various types of
neuroendocrine and other tumors. Among the findings was the fact



that 70 percent of 70 patients with carcinoma of the breast had
somatostatin receptors.

Somatostatin receptor imaging should not be considered a test for
breast cancer. It is a test for somatostatin receptors. If a tumor has
somatostatin receptors, the patient is a candidate for somatostatin
therapy. Somatostatin is a stable drug.

An important finding by Krenning and colleagues (1992b) was that
patients with hyperthyroidism and exophthalmus have large numbers of
somatostatin receptors in the T lymphocytes behind the eyes. The
degree of accumulation of octreotide-111 behind the eyes was related
to the degree of the malignant exophthalmus. This finding is
important in planning treatment. If the disease is active, the patient
can be treated with steroids or an immunosuppressive drug. If there is
no evidence of activity of the disease, the exophthalmus is treated
better by surgery to remove the fibrous tissue behind the eyes. Thus,
again, one sees the sequence: chemical characterization of the disease,
planning of treatment, and monitoring of treatment on the basis of
chemistry.

An example of how effectively PET and SPECT technology can be
used to study the action of drugs is the recent report of Dewey and
colleagues (1992) from Brookhaven National Laboratory, who studied
the effects of a suicide inhibitor of the enzyme that breaks downy-
aminobutyric acid (GABA), an inhibitory neurotransmitter. Inhibition
of the metabolizing enzyme resulted in decreased production of
GABA. This in turn disinhibited the dopaminergic neurons, so
synaptic dopamine secretion increased. The secretion of dopamine
competed with the binding of [''CJraclopride by the D,-dopamine
receptors, so more dopamine receptors were available for binding
[''C]raclopride. Dopamine secretion inhibited the release of
acetylcholine by cholinergic neurons; this inhibition was reflected in
increased binding of [''C]benzotropine because less acetylcholine was
bound to the acetylcholine receptor. Thus, Dewey and colleagues
(1992) were able to demonstrate serial neurochemical effects among
three neurotransmitters-GABA, dopamine, and acetylcholine. Their
studies were also a demonstration of how endogenous neurotransmitter
release can be measured by competitive inhibition of radioligand
binding.



SIMPLE PROBE SYSTEM USES

Some types of problems do not need the spatial resolution provided by
PET or SPECT. Much simpler dual-detector systems can be used to
look at either the entire brain or specific regions such as the frontal
lobes or cerebellum. The use of the simple probe systems shows that
it is not necessary to use expensive high-spatial-resolution PET or
SPECT imaging to solve problems in which spatial resolution does not
have to be high. Probes are simple and less expensive by a factor of
30 or 50. The radiation dose also is reduced by orders of magnitude
compared with high-resolution imaging, in which the statistical
limitations are related to the number of counts per picture element.

Particularly in the study of drug effects, it is often not necessary to
have a high degree of spatial resolution. For example, a high-
resolution system is not needed to measure the quantitative effect of
naltrexone or naloxone on opiate receptors. The antagonists affect all
the u-type opiate receptors regardless of location. Conversely, in a
problem such as temporal lobe epilepsy, in which the search is for a
focus in the temporal or frontal lobe, a high degree of spatial
resolution is required.

A probe device developed at The Johns Hopkins University has been
used to study mice, rats, dogs, baboons, and human beings. For
example, in living mice it was possible to obtain a dose/response curve
showing the blocking effect of haloperidol on the binding of
['"CINMSP. Similar dose/response curves were obtained in human
beings, and the results correlated well with PET studies of the same
persons. One study (Brust et al. 1992) examined the effect of
vasopressin on [''C]methionine accumulation in the brain of living
dogs. When nonradioactive phenylalanine was given before the dose
of ["'C]methionine, the rate of transport of methionine decreased
because of competitive inhibition. The purpose of the vasopressin
study was to test the hypothesis that vasopressin’s effect on memory
might be through amino acid transport because vasopressin itself does
not cross the blood-brain barrier. Vasopressin administration did
inhibit ["'C]methionine transport,

Another study (Lee et al. 1988) addressed the question of how long a
50-mg dose of naltrexone blocks opiate receptors. When



[''C]carfentanil was used at various times after the administration of an
oral 50-mg dose of naltrexone, it was found that the half-time of
blockade of the receptors was 72 hours. Thus, even though a 50-mg
dose blocks the p-opiate receptors for about a week, it is recommended
that the dose be given every day, primarily because of the rapid blood
clearance of the drug. By examining the state of the receptors
themselves, one can get closer to the site of action of the drug than
one can get by measuring only plasma concentrations of the drug.

This study exemplifies the marriage of nuclear medicine technology
and drug design and development.

Probe-based systems have the potential of opening up PET and SPECT
studies to basic neuroscientists. It is unlikely that human-oriented PET
or SPECT scanners can be provided to basic neuroscientists, but
simpler systems can be used to take advantage of the new tracers
rapidly being developed. Probe studies also can be carried out safely
and effectively in public health studies. In the author’s laboratory, for
example, the effects of lead toxicity on brain neurochemistry are being
investigated. At present, only laboratory animals are being studied, but
it is hoped that the studies soon will extend to human beings. It is
unlikely that PET imaging could be used in public health studies.

Another direction is the development of less expensive imaging
devices for the study of animals. Green and colleagues (1992) at the
National Institutes of Health have developed a SPECT scanner for
animals that costs less than $50,000.

CONCLUSION

The main engine of nuclear medicine technology is the cyclotron
because of its chemical capabilities, chiefly [''C] and ["*F]. PET
studies are beginning to be used in community hospitals and research
centers from centrally located cyclotrons, some under commercial
sponsorship. One commercial supplier of cyclotron-produced
radiotracers is in Los Angeles; another is in Phoenix, where PET
imaging is carried out in community hospitals and health centers using
tracers supplied from a central cyclotron. More research and patient
studies can be carried out with Tc-99m and ['*I] because of their
longer half-lives. The half-lives of these tracers will never
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change—for [“C], 20 minutes; for [ISF], 2 hours; for Tc-99m, 6 hours;
and for ['*I], 13 hours. At the 1992 Society of Nuclear Medicine
meeting mentioned previously, 51 papers were based on the use of
[''C] compounds. Forty papers (not all discussing [''C]) involved the
dopaminergic system, and 125 papers involved ["°F]. Ninety papers
were based on ["°F]deoxyglucose to study bioenergetics. Half of the
nearly 900 papers presented at the meeting involved PET or SPECT.

The number of studies of neuroreceptors continues to increase every
year. Blood flow and metabolism also are important topics. A major
area of research is the study of drug effects. Someday, a psychiatrist
or other physician will be measuring brain chemistry with simple probe
detectors the way physicians now use the sphygmomanometer to
measure blood pressure.

A description of a patient who presented with a lesion of the brain that
was seen in a magnetic resonance imaging study illustrates the use of
various imaging techniques. Was it a tumor? Was it radiation
necrosis? A ["°F]deoxyglucose study showed that the lesion was
hypometabolic and therefore not a tumor. The pituitary was very
hypermetabolic, indicating a tumor. The next question was whether
the tumor had dopamine receptors on its membrane, as is the case with
many pituitary tumors. If a pituitary tumor manifests dopamine
receptors, dopamine receptor agonists are helpful because the
dopaminergic system is inhibitory of cell growth, acting through
prolactin-secreting cells. This tumor contained dopamine receptors, so
bromocriptine (a dopamine agonist) therapy was begun. By studying
the metabolism of either deoxyglucose or amino acids, in 1 day it was
determined whether the metabolic activity of the tumor had been
reduced. If the metabolism was not affected, there was no reason to
treat the patient for months, waiting for anatomical changes to occur.
Thus, in 1 day it was possible to characterize the tumor, plan the
treatment, and monitor the effect of the treatment (Di Chiro, personal
communication, 1992).

Is there a competition between PET and SPECT? Their synergism is
documented by that fact that, as noted above, the use of both has been
increasing to the point that they were discussed in 50 percent of the
papers presented at the 1992 Society of Nuclear Medicine meeting.
PET and SPECT are like two hands with which complicated problems
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can be approached. To emphasize one without the other is like tying
one hand behind the back. If SPECT can solve a problem, it should
be used; but PET will always be able to do things that SPECT cannot
do because this is a world of carbon, and there never will be a good
SPECT tracer for carbon. That is physics, and that is forever. There
is a PET and SPECT continuum, in which both will flourish and in
which SPECT extends PET. Yet, advances often will be made initially
by SPECT because of the greater simplicity and greater numbers of
patients who can be studied. PET, however, is unique in the
possibility of labeling pharmacological compounds without changing
their pharmacological behavior. Evaluating the behavior of a drug in
vivo through time is now a PET domain.
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Positron Emission Tomography
in Studies of Drug Abuse

Edythe D. London

INTRODUCTION

Positron emission tomography (PET) is a nuclear medicine procedure
that uses radiopharmaceuticals that are labeled with positron-emitting
radionuclides such as [°O], [°N], [''C], and ["*F]. In human
volunteers, PET scanning can be used to map and quantitate
biochemical processes in the brain. Applications include the labeling
of receptors for drugs and neurotransmitters, or functional studies, such
as assessments of regional cerebral blood flow and glucose
metabolism. This chapter focuses on how studies of glucose
metabolism have been applied to understanding the euphoriant actions
of drugs of abuse.

USING PET TO MEASURE CEREBRAL GLUCOSE
METABOLISM

The metabolic rate for glucose is an index of brain function because
glucose is the major metabolic substrate of the adult brain (Sokoloff
1972; Siesjo 1978). Physiological perturbations that increase energy
metabolism of the brain also increase the metabolism of glucose,
although nonoxidative metabolism of glucose also can be stimulated
(Lear and Ackermann 1989). A method for measuring the regional
cerebral metabolic rate(s) for glucose (rCMRglc) in intact animals was
developed using ex vivo autoradiography (Sokoloff et al. 1977). The
procedure involves the intravenous injection of radiolabeled 2-deoxy-
D-glucose and the collection of timed arterial blood samples for
estimation of radioactivity and glucose in plasma. An operational
equation allows calculation of rCMRglc from these data and tissue
radioactivity, as determined by quantitative autoradiography of
individual brain regions. This method had been adapted for non-
invasive use in human subjects with PET scanning and the use of
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['*F]fluorodeoxy-glucose (FDG) (Phelps et al. 1979; Reivich et al.
1979) or [''C]deoxyglucose (Reivich et al. 1982).

Studies of glucose metabolism can provide important insights into
normal brain function as well as the pathophysiology of diseases
(Reivich et al. 1983). For example, in patients with Alzheimer’s
disease, there are rCMRglc deficits in the temporoparietal cortex
(Friedland et al. 1983) and correlations between asymmetries in
rCMRglc and neuropsychological performance (Grady et al. 1986).
The FDG method also has been used to study regional brain function
in schizophrenia (Farkas et al. 1980; Gur et al. 1987) and in
neurological diseases, including stroke, neurodegenerative disorders,
and epilepsy (Kuhl 1983; Engel et al. 1983).

Measurements of rCMRglc obtained by the FDG method also have
been useful in drug abuse research. Studies of the acute cerebral
metabolic responses to drugs of abuse have been performed using this
method in human volunteers. Although only some of these studies
were designed to elucidate the neurobiological determinants of drug-
induced euphoria, the results from all of them provide information
about the mechanisms by which drugs of abuse produce their effects
on mood and feeling state. Drugs that have been studied in this way
include morphine (London et al. 19904), psychomotor stimulants
(Wolkin et al. 1987; London et al. 19905), A’-tetrahydrocannabinol
(Volkow et al. 1991), benzodiazepines (Buchsbaum et al. 1987; Foster
et al. 1987; de Wit et al. 1991), nicotine (Stapleton et al. 1992), and
alcohol (de Wit et al. 1990; Volkow et al. 1990).

In PET scan studies of substance abuse at the Addiction Research
Center, most of the subjects were male polydrug abusers who resided
on a closed research ward. The subjects underwent screening
procedures, including psychological and medical assessments. After a
drug-free period of several weeks, the subjects participated in
simulation sessions designed to reduce the novelty of the procedures
and also to provide training in the completion of specific
questionnaires. Each subject received either an x-ray computed
tomography scan or a magnetic resonance imaging scan. These
structural images were used to exclude individuals with frank structural
brain abnormalities and to aid in localization of specific regions of
interest in the functional images obtained by PET.
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The subjects participated in two PET sessions, with placebo or active
drug administered in random sequence. During the measurement of
rCMRglc, subjective self-reports of mood and feeling state were
obtained. Questionnaires that are sensitive to the effects of
psychoactive drugs were administered before and after the PET scan
measurements and, in some cases, during the radiotracer uptake period.
These included the Addiction Research Center Inventory, composed of
the following three subscales:

*  Morphine-Benzedrine Group subscale, which is sensitive to the
positive (euphoriant) properties of opioids and psychomotor
stimulants;

*  Pentobarbital Chlorpromazine Alcohol Group subscale, which is
sensitive to fatigue and low motivation; and

* Lysergic Acid Diethylamide (LSD) subscale, which contains items
that reflect weird feelings, increased awareness of somatic
sensations, and depersonalization (Haertzen 1974).

The Cocaine-Sensitive Scale (Sherer 1988; Muntaner et al. 1989) was
administered during the radiotracer uptake period after the injection of
either cocaine or placebo.

The responses to 30 mg morphine, injected intramuscularly, included
elevations on the Morphine-Benzedrine and Pentobarbital
Chlorpromazine Alcohol Group subscales of the Addiction Research
Center Inventory, indicating the presence of euphoria and, to a lesser
extent, of sedation and disorientation (London et al. 1990a). At the
same time, global cerebral glucose metabolism was reduced (10
percent reduction from placebo values), with statistically significant
decrements in six of the cortical areas assayed when controlling for the
contribution of PaCO, by partial correlation analysis. The major
conclusion from this study was that opioid euphoria involved a
reduction of cortical activity, as indicated by rCMRglc. It seems
reasonable that reduced cortical activity could be a necessary
component of the production of opioid euphoria or that, alternatively,
the reduced activity is a response to the positive affective state that is
produced.
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When polydrug abusers with histories of intravenous use of cocaine
were tested similarly, self-report ratings on items of the Cocaine-
Sensitive Scale indicated intense “rush” immediately after the injection
of cocaine; the response declined to negligible values within 20 min
(London et al. 19905). Similarly, subjects reported feeling high,
pleasant, and powerful. These subjective ratings were accompanied by
an increase in beta activity in the spontaneous electroencephalogram
(R. Herning, R.L. Phillips, B. Glover, and E.D. London, unpublished
observations). Simultaneous measures of cerebral glucose utilization
showed a global decrease (mean reduction of 14 percent), and most of
the regions of interest that were assayed showed statistically significant
decrements in rCMRglc (5 percent to 26 percent). Thus, the
intravenous dose of cocaine that was used produced a more widespread
decrease in rCMRglc than the morphine dose used in the previous
study.

It is intriguing that drugs as different as morphine and cocaine would
produce similar effects on cerebral metabolism. While morphine
produces a constellation of effects, including sedation and decreases in
body temperature, cocaine produces restlessness, cardiovascular
stimulation, and increases in body temperature. Nonetheless, these
drugs share the common property of inducing a positive affective state,
termed “euphoria.” It is now a common view that this euphoria is
linked to a common brain mechanism, involving systems that use
dopamine as a transmitter. A variety of evidence, obtained from
studies in animal models for human drug abuse, suggests that the
primary sites in the brain that mediate reinforcement due to opiates and
psychomotor stimulants are different (for reviews, see Koob and
Bloom 1988; Hubner and Koob 1993). Specifically, studies in rats
suggest that opiates produce reinforcement by primary actions in the
ventral tegmental area, which contains the cell bodies of mesolimbic
dopaminergic neurons (Broekkamp and Phillips 1979; Bozarth and
Wise 1980; Joyce et al. 1981). In contrast, psychomotor stimulants
such as amphetamine and cocaine appear to produce reward by
primary actions on the terminals of mesolimbic dopaminergic neurons
(Carr and White 1983; Goeders and Smith 1983). Nonetheless.
irrespective of the initial target sites, the effect of opioid or
psychomotor stimulant action would be the same in that both classes of
drugs would increase intrasynaptic dopamine in terminal fields of the
mesolimbic dopamine system. Thus, the overall reduction of cerebral
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glucose metabolism, particularly in the cortex, could result from
enhanced dopaminergic activity.

If one extends an examination of the effects of drugs of abuse on
cerebral glucose metabolism beyond studies of acute morphine and
cocaine effects, the emergent finding is that almost all euphoriants that
are compulsively self-administered reduce cerebral glucose utilization
(table 1). This statement derives from observations that amphetamine
(Wolkin et al. 1987) benzodiazepines (Buchsbaum et al. 1987; Foster
et al. 1987; de Wit et al. 1991), and ethanol (de Wit et al. 1990;
Volkow et al. 1990) all reduce rCMRglc. Similarly, preliminary
studies at the Addiction Research Center also indicate that intravenous
nicotine (Stapleton et al. 1992) and buprenorphine (Walsh et al. 1992)
produce liking and other positive subjective self-reports while
decreasing rCMRglc in experienced users of tobacco products and
opioids, respectively. An exception is the finding that an intoxicating
dose of A’-tetrahydrocannabinol does not consistently reduce rCMRglc.
Instead the most robust finding withA’-tetrahydrocannabinol is a
stimulation of rCMRglc in the cerebellum (Volkow et al. 1991), an
area that shows a high density of cannabinoid receptors (Herkenham et
al. 1990). Additional studies with euphorigenic doses of A’-tetra-
hydrocannabinol may be warranted. In general, the aforementioned
findings indicate that a decrease in cerebral glucose metabolism may
be a fundamental component of drug-induced euphoria.

TABLE 1. Reduction of rCMRglc by drugs of abuse

Morphine (London et al. 1990a)

Cocaine (London et al. 199050)

Amphetamine (Wolkin et al. 1987)

Nicotine (Stapleton et al. 1992)

Benzodiazepines (Buchsbaum et al. 1987; Foster et al. 1987; de Wit et
al. 1991)

Ethanol (de Wit et al. 1990; Volkow et al. 1990)

Barbiturates (Theodore et al. 1986)
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CONCLUSION

PET scanning is a valuable approach to understanding the brain
mechanisms that support drug abuse in human subjects. In particular,
functional studies using the FDG method have revealed that drugs of
abuse generally reduce rCMRglc when the drugs are given at
euphorigenic doses. Future investigations of brain mechanisms in
substance abuse might use such methodology to study the
physiological processes in the brain that underlie persistent states such
as craving and physiological dependence that are induced by drugs of
abuse.
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Imaging Brain Function in
Animals To Understand Drugs of
Abuse and Potential
Pharmacotherapies

M. F. Piercey

INTRODUCTION

Most central nervous system (CNS) drugs, including those involved in
drug abuse, act by enhancing or depressing activities in specific brain
pathways. Some of these pathways are involved in acute reinforcing
properties such as euphoric or psychostimulant phenomena. Others are
involved with alterations in sensory perception or autonomic drug
effects. Thus, to understand functional effects of drugs of abuse, as
well as to design potential pharmacotherapies to treat drug abusers, it
is critical to define which neuronal structures are altered and how they
are altered (i.e., stimulated or inhibited).

Evaluating specific brain structures is challenging because of the large
number of such structures, many of which are extremely small.

Indeed, drugs frequently affect parts of the same structure differently.
To solve this problem, animal neuroscientists have turned to
autoradiography to map the functional neuroanatomy of the brain. The
development of positron emission tomography (PET) for imaging the
functional neuroanatomy of the human brain has at the same time
opened opportunities for evaluating how specific neuronal circuits
altered in animals are affected by the same drugs in humans.

IMAGING TECHNIQUES

Receptor binding autoradiography, usually carried out in vitro, is used
to determine the distribution of a specific receptor subtype among the
myriad brain structures (Kuhar 1985). When used in vivo, the

anatomy of receptor occupancy can be determined at doses known to
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have biological effects. Receptor binding autoradiography uses
specific high-affinity radioligands to identify receptor sites. When
ligands interact with more than one receptor site, other drugs can
sometimes be used to mask the complicating receptors. Additionally,
drugs without apparent high affinity for any one site can be evaluated
for their ability to displace high-affinity ligands for well-documented
sites.

Nonspecific binding of radioactive ligands represents a potential
contaminating influence in receptor binding autoradiography.
Nonspecific binding can be isolated by removal of specific binding
with a nonlabeled ligand competing for the same receptor. Since
receptor-specific binding is saturable, whereas nonspecific binding is
not, cold ligand can be used to mask specific binding of the identical
radioactive ligand. Using adjacent brain sections and computer
imaging techniques, nonspecific binding is removed pixel by pixel to
yield the specific receptor binding image. Receptor binding identifies
where a drug can potentially act, but it does not actually reveal
whether any meaningful effect occurs.

2-Deoxyglucose (2-DG) autoradiography (Sokoloff et al. 1977) can be
used to determine drug effects, both stimulatory and inhibitory, on
brain energy metabolism, an indirect measure of neuronal activity.
This technique relies upon the fact that brain energy metabolism is
totally dependent upon blood glucose, since the brain does not store
glycogen. A steady state exists whereby glucose metabolism is equal
to glucose transported into the neurons. Tracer amounts of C'* 2-DG
enter brain neurons by competing with glucose for the transporter.
Once inside neurons, 2-DG is phosphorylated but not metabolized
further. 2-DG phosphate cannot diffuse outside cells, so radioactivity
accumulates at a rate proportional to glucose metabolism. If one
knows 2-DG and glucose concentrations, one needs only their
transporter affinities to obtain absolute amounts of glucose
metabolized. In practice, this is done by measuring timed samples of
arterial plasma glucose and radioactivity, measuring total radioactivity
in each brain region, and plugging the values into the equation
developed by Sokoloff and colleagues (1977) to quantitatively measure
glucose metabolism.

26



2-DG autoradiography measures not only a drug’s direct effects at sites
where its receptors are located but also its indirect effects occurring
downstream from these receptor sites. For example, phencyclidine
(PCP, “angel dust”) receptors are located throughout the circuit of
Papez, except in the mammillary body (MB). Nonetheless, PCP
intensely excites the MB by recruitment through activation of the
entire Papez circuit. Interestingly, indirect activation of the MB may
be important for PCP’s psychotropic effects (Piercey and Ray 1988a,
1988b; Piercey and Hoffmann 1989).

A major advantage of 2-DG imaging over receptor binding
autoradiography is that one does not need to know the mechanistic
effects or the receptor identity of the drug under study. In addition,
this technique does not require the development of a new high-affinity
ligand since C'* 2-DG is readily available. However, because brain
energy metabolism occurs in all tissues, including those not responding
to a drug, 2-DG imaging patterns are superimposed over an active
background, which tends to “blur” the image. In contrast, receptor
binding imaging negates nonspecific binding of its ligands. Thus,
receptor binding images are presented over essentially uniform inactive
black backgrounds. For this reason, receptor binding gives “sharper”
images that pinpoint active sites more clearly than 2-DG imaging.

In addition to receptor binding and 2-DG autoradiography, other brain
imaging techniques also are used. In particular, radiolabeled genetic
probes for in situ hybridization of messenger ribonucleic acid (mRNA)
(Uhl 1986) are being used with increasing frequency, particularly for
those receptors for which high-affinity receptor ligands are not
available. However, it must be remembered that receptor mRNA is a
measure of receptor synthesis, which quantitatively can be quite
different from the actual distribution of receptor protein. Antibody
staining of receptors occasionally has been used with some success
(McVittie et al. 1991). In addition to autoradiography and PET,
magnetic resonance imaging has some potential for evaluating drug
effects on some measures of brain function (Eastwood et al. 1985).
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SITES OF DRUG ACTION

Receptor binding autoradiography, although dependent upon some
knowledge of the drug receptors activated by a drug, is probably the
most accurate method for identification of specific brain sites directly
affected by a drug. PCP, for example, binds to specific high-affinity
binding sites throughout the limbic system, especially the circuit of
Papez and the dopaminergic system (Gundlach et al. 1986a).
Interestingly, this high-affinity PCP receptor is codistributed with the
NMDA receptor subtype for the excitatory amino acid neuro-
transmitter, glutamate (Maragos et al. 1988). Electrophysiology
experiments confirm that PCP can block activation of NMDA ion
channels (Anis et al. 1983). The nonopioid sigma receptor has been
suggested as another major receptor involved in PCP’s
pharmacological effects. This receptor is distributed more caudally
than the high-affinity PCP receptor, with particularly high receptor
concentrations in the brain stem (Gundlach et al. 1986b).

Receptor binding autoradiography identifies where a drug binds to its
receptors but not necessarily where a drug induces its major biological
effects. By means of 2-DG autoradiography, PCP was found to induce
very large increases in energy metabolism in the forebrain, particularly
in the cerebral cortex, the dopaminergic system, and the limbic system
(especially the circuit of Papez). These excitatory effects were not
observed in the caudal brain or brain stem, although inhibitory effects
were seen occasionally (e.g., in the inferior colliculus) (Piercey and
Ray 19884, 1988b; Piercey and Hoffmann 1989). Comparison of
binding and 2-DG data demonstrated a positive correlation between
PCP’s excitatory effects and those sites where the high-affinity PCP
receptor (i.e., NMDA channel) was located. In contrast, there was a
negative correlation between these sites for PCP excitation and those
where high concentrations of sigma receptors were found. It was
concluded that PCP’s stimulant effects are evoked through the high-
affinity PCP site (Piercey and Ray 19884, 1988b).

Knowing where a drug acts often can give great insight into how a
drug could produce some of its specific effects. For example,
excitation in dopaminergic areas could be responsible for many of the
psychotomimetic effects of PCP (Luisada 1978) since hyperactivity in
dopaminergic systems is thought to represent a major neurobiological
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basis of schizophrenia (Matthysse and Sugarman 1978). However,
some of the more bizarre aspects of PCP intoxication could involve
excitatory effects in Papez’ circuit. Papez himself thought the circuit
to be involved in the integration of emotional sensation and expression,
with the MB in particular being critical for emotional outbursts (Papez
1937).

Where a drug acts is often dependent upon dose. High-dose effects
sometimes can be used to get an overall view of the pattern of actions
of a drug. Such patterns are particularly useful when using brain
imaging to identify what pharmacological class a drug belongs to (see
below, “Identification of Pharmacological Class”). Conversely, lower
doses may more specifically activate neuronal pathways responsible for
the dominant behavioral effects of the drug. For example, Porrino and
colleagues (1988) found that, at an intravenous (IV) dose of 0.5 mg/kg,
cocaine excited only the medial prefrontal cortex and nucleus
accumbens. Higher cocaine doses led to broader stimulation of
dopamine-related structures, especially those in the extrapyramidal
regions, accompanied by increases in locomotor activity. Porrino and
colleagues (1988) concluded that the nucleus accumbens and prefrontal
cortex may be involved in the reinforcing effects of cocaine and that
the extrapyramidal areas are more involved in the general stimulant
effects of the drug. Many of these conclusions are consistent with the
dopaminergic theory of drug reinforcement (Wise and Rompre 1989).

Other factors affecting sites of drug action include route and
sometimes time of injection relative to injection of the 2-DG. For
example, using intraperitoneal injections, London and colleagues
(1986) found that cocaine did not excite the nucleus accumbens at all.
Hoffmann and colleagues (1991) also did not observe excitation of the
nucleus accumbens or many of the other major dopaminergic areas
when cocaine was injected intravenously 10 minutes prior to the
injection of the 2-DG label. By comparison, Porrino and colleagues
(1988) injected cocaine only 2 minutes prior to 2-DG. Subsequent
(unpublished) experiments in the author’s laboratory in which cocaine
was injected 2 minutes prior to 2-DG resulted in a pattern of
stimulation extremely similar to that reported by Porrino and
colleagues (1988). Such sensitivity to timing seems likely to be
related to the short duration of action for cocaine, particularly
regarding its reinforcing effects (Gawin 1991).
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A rarely discussed additional issue is the fact that, while most imaging
scientists would probably agree that a certain section of the brain can
be identified as a given brain nucleus, the specific component of that
nucleus used in the evaluation of the image probably varies greatly
among laboratories. This represents a problem since drug receptors
and responses to drugs often are not uniform within a brain area. For
example, even when cocaine is injected 2 minutes prior to the 2-DG
injection, this author’s laboratory did not see excitatory effects in the
nucleus accumbens measured at two different levels. However, neither
of these levels were as anterior as the area where Porrino and
colleagues (1988) observed the high nucleus accumbens sensitivity
(Porrino, personal communication, 1992). Thus, it probably would be
useful for authors to publish the atlases to identify precisely where
they analyze each brain area. In some cases, standardization might be
useful. However, this needs to be weighed against the need to explore
more brain regions.

IDENTIFICATION OF PHARMACOLOGICAL CLASS

Drugs acting through common mechanisms can be expected to affect
similar or identical brain areas. MK-801, like PCP, is an NMDA
channel blocking agent (Woodruff et al. 1987). Like PCP, MK-801
excites dopaminergic structures, Papez’ circuit, and other limbic and
cortical structures (Piercey et al. 1988). However, other psycho-
stimulants such as amphetamine and cocaine excite dopaminergic
structures but have relatively fewer effects than MK-801 and PCP in
limbic areas (Porrino et al. 1988; Piercey and Hoffmann 1989). It is
interesting that amphetamine and cocaine, both of which increase
synaptic dopamine (albeit by different receptor mechanisms), in general
excite similar structures, according to 2-DG autoradiography. It also is
interesting that all of the psychostimulants excite dopaminergic
structures. This observation is consistent with the hypothesis that a
dopamine reward system may be responsible for the reinforcing effects
of these and possibly other agents (Wise and Rompre 1989). Also, as
noted previously, the fact that all of these drugs stimulate dopa-
minergic structures may account for some of the psychotomimetic
effects common to this group of compounds.
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Identification of pharmacological class is not limited to psycho-
stimulants; it applies to other classes of drugs as well. For example,
the hypnotic zolpidem acts through benzodiazepine receptors, even
though it is chemically not a benzodiazepine (Langer et al. 1988). In
2-DG autoradiography experiments, it was demonstrated that zolpidem
and triazolam (a benzodiazepine hypnotic) depressed metabolism in
precisely the same regions of the brain (Piercey et al. 1991). Indeed, a
strong positive linear correlation was demonstrated to exist between the
percent of depression exerted by both drugs over all regions of the
brain, whether or not the level of depression was statistically
significant. Thus, the distribution of pharmacological effects is linked
inextricably to what receptor is affected and not to the precise
chemical nature of the ligand.

DRUG INTERACTIONS

The 2-DG autoradiography method allows evaluation of the
interactions between centrally acting drugs, Such interactions can
occur between drugs acting at the same receptor and those acting at
different receptors. Receptor binding autoradiography can be used to
establish whether interacting drugs interact at the same receptor since,
when this is true, both will displace the same radioactive ligand.

Numerous imaging studies have demonstrated interactions between
drugs acting at the same receptors. McCulloch and colleagues (1982)
showed that the dopamine receptor antagonist, haloperidol, completely
eliminated the effects of the dopamine receptor agonist, apomorphine,
in all brain regions where apomorphine affected brain energy
metabolism. Similarly, flumazenil, a benzodiazepine receptor
antagonist, eliminates the effects of the benzodiazepine agonist,
diazepam (Ableitner et al. 1985). The benzodiazepine receptor partial
agonist, U-78875, also antagonized the effects of the benzodiazepine
agonist, alprazolam (Piercey et al. 1990). However, in this case,
antagonism was observed only in those brain areas where the drug had
low efficacy of its own. Areas of high efficacy presumably have large
receptor reserves, allowing full agonist effects even with low intrinsic
activity.
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Meaningful interactions also occur between drugs acting on similar
systems but through different receptors. Piercey and Ray (198850)
demonstrated that haloperidol altered the effects of PCP, particularly in
areas where dopamine is thought to be a major neurotransmitter.
Hoffmann and colleagues (1991) showed that cocaine’s stimulant
effects could be altered by treatment with a stimulant dopamine
antagonist. In both these studies, the antagonist interacted directly
with dopamine receptors, but the agonists’ actions at these sites were
mediated indirectly through dopamine released from endogenous
stores.

Interactions also can be demonstrated between agonists acting at
different receptors. Ray and colleagues (1992), for example, found
that the dopamine D, receptor agonist, SKF 38393, and the dopamine
D, receptor agonist, quinpirole, have different actions and interactions,
depending upon brain site. In some areas, there are clear synergistic
interactions, whereas in others there are antagonistic interactions. Yet,
in other brain areas, one of the drugs produced significant alterations,
whereas the other did not affect metabolism either by itself or interact
with the active drug.

ANIMAL/HUMAN CORRELATIONS

One of the more exciting opportunities for brain imaging is the
possibility of comparing effects observed in animals to those
observable in humans. It has been demonstrated, for example, that
there is a positive correlation between rodent and human brains when
comparing energy metabolism among different brain regions in the two
species (Blinn et al. 1991). When comparing drug effects, it is
interesting that while the distribution of effects may, in general, be
similar between animals and man, the directions of these pharma-
cological effects are sometimes opposite. For example, whereas PCP,
amphetamine, and cocaine mostly increase energy metabolism in
rodents, they produce predominantly inhibitory effects in humans
(Wolkin et al. 1987; London et al. 1990).
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IMAGING OF POTENTIAL PHARMACOTHERAPIES FOR
DRUG ADDICTION

It is hoped that through greater understanding of how drugs of abuse
act, it will be possible to design specific pharmacotherapies to treat
drug abuse as a clinical disorder.

Knowledge that stimulation of dopaminergic structures is a common
finding for euphoric psychostimulants suggests that dopamine
antagonists might be therapeutic in this condition. Unfortunately, in
addict populations, dopamine antagonists tend to promote the
anhedonias (inability to perceive pleasure) associated with drug craving
(Gawin 1991). Thus, some alternative approach is probably necessary.
Whatever the approach, imaging experiments can, along with a full
battery of pharmacological evaluations, be helpful in appreciating the
proposed mechanism of any pharmacotherapy being considered for
human testing. In addition, by comparing autoradiographic imaging in
animals to PET scans in humans, imaging experiments almost uniquely
can be used to determine if the critical neurobiological effects observed
in animals actually occur in man as well.

One possible mechanism for treating cocaine and other psycho-
stimulant abuse is the use of a dopamine partial agonist. To date, no
imaging experiments involving dopamine partial agonists have been
published. However, 2-DG autoradiography potentially can be used to
demonstrate partial agonist and antagonist pharmacology, as has been
done with the benzodiazepine partial agonist U-78875 (Piercey et al.
1990). It is hoped that benzodiazepine partial agonists will lack the
drug dependence associated with full agonists.

Another drug class with potential for use in treating cocaine abuse is
the stimulant dopamine antagonists such as (+)-AJ 76. The mechanism
for (£)-AJ 76’s stimulant effects is not clearly delineated, but the
stimulant effects may be due to a preferential blockade of dopamine
autoreceptors (Svensson et al. 1986). Although it antagonizes
amphetamine and cocaine locomotor activity, (£)-AJ 76 weakly
increases locomotor activity like a weak psychostimulant (Svensson et
al. 1986; Piercey et al. 1992). (+)-AJ 76 partially generalizes to
cocaine’s subjective cue (Callahan et al. 1992) but antagonizes cocaine
self-administration (Richardson et al., in press). In 2-DG experiments,
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()-AJ 76 by itself sometimes weakly excites dopaminergic structures,
but it antagonizes the excitatory effects of cocaine and amphetamine
(Hoffmann et al. 1988, 1991; table 1). Because it can weakly stimulate
dopaminergic structures, it is possible that (x)-AJ 76 will not produce
anhedonias like other dopamine antagonists (Gawin 1991).

TABLE 1. Antagonism of cocaine stimulation by (+)-AJ 76'

Cocaine +

Control Cocaine? (H)-AJ 76°
Subthalamus 100 £ 10 138+ 6 103 +2°
AV Thalamus 100 + 12 132 £3" 97 + 7"
VL Thalamus 100+ 9 138 £ 3" 107+ 6"
Lateral Septum 100 + 6 147 + 3" 108 + 8"
PAG 100+ 5 138+ 8" 136 + 8
Dorsal Horn 100 + 12 125+5" 11244

'Glucose utilization, pmole/100 g brain/min expressed as percent
control.

*Cocaine, 5 mg/kg IV injection, 10 min before 2-DG injection plus
vehicle IV injection at 5 min before 2-DG injection.

*Cocaine, 5 mg/kg IV injection, 10 min before 2-DG injection plus
(+)-AJ 76, 15 mg/kg IV injection, 5 min before 2-DG injection.

' p < 0.05 versus control, ANOVA.

" p < 0.05 versus cocaine alone, ANOVA.

Piercey and Ray (1988b) noted that haloperidol either significantly
reduced or destroyed PCP’s effects in dopaminergic areas. However,
the importance of this finding may be more related to treatment of
behavioral toxicity rather than the drug abuse itself.

Drug development begins with chemical synthesis and pharmacological
testing. Brain imaging experiments in animals represent only one
component of the pharmacological evaluation of a drug. Only one
compound of many thousands synthesized is generally found to have a
sufficiently delineated mechanism of action combined with good
pharmacokinetic and toxicological profiles to justify evaluation in
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humans. New chemical entities tested in humans do not always
produce the desired effect. It is not always clear whether this is due to
differences in drug pharmacokinetics and distribution, to some altered
pharmacological properties in humans, or to a general failure of the
proposed mechanism for treatment. The complexity of the nervous
system has made it difficult for both animal and clinical scientists to
compare their results to answer these questions. However, with the
parallel development of brain imaging techniques in both animals and
humans, it is now possible to compare a drug’s effects across species.
It seems likely that brain imaging techniques will, over time, play a
larger role in the development of drugs to treat psychiatric conditions
such as drug abuse.

SUMMARY

Brain imaging studies can be used to enhance current understanding of
how CNS drugs act. Because the brain is in reality a collection of
independent, albeit interconnected, neural organs, identification of sites
of brain action are critical to an appraisal of how each drug exerts its
different behavioral and physiological effects. For new drugs not yet
tested in humans, identification of which neuronal structures are
affected by a drug can give clues as to what to expect from the drug if
it is eventually exposed to clinical testing.

Receptor binding autoradiography, more than any other technique,
pinpoints the distribution of those sites at which a given drug acts.
When combined with 2-DG autoradiography, the intensity and
direction of the action at each of these sites, as well as the impact of
these actions on additional sites, can be appreciated. In addition to
identification of sites of drug action, brain imaging studies can be used
to identify classes of drug action, interactions between drugs, and,
perhaps more than any other technique, enhance the appreciation of the
similarities and differences between the effects in animals and those in
humans.

When applied to drugs of abuse, brain imaging studies can be used to
help identify key physiological events underlying drug reinforcement
as well as those important for various physiological effects of each
drug. Armed with such information, brain imaging techniques can
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play a unique role as one component of an effort to discover
pharmacotherapies for drug abuse.
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Brain-lmaging Studies of the
Combined Use of Cocaine and
Alcohol and of the
Pharmacokinetics of
Cocaethylene

Nora D. Volkow and Joanna S. Fowler

INTRODUCTION

The simultaneous use of cocaine and alcohol is one of the most
frequent patterns of combined drug use (Grant and Harford 1990;
Sands and Ciraulo 1992). Alcohol is combined with cocaine to reduce
the dysphoria experienced after a cocaine binge (crash) and also to
prolong the euphoria. Recent epidemiological studies have shown that
combined use of cocaine and alcohol may be synergistically toxic
(Boag and Havard 1985). It has been estimated that the combined use
of cocaine and alcohol results in an eighteenfold increase in the risk of
sudden death (Rose et al. 1990). Although the factors mediating the
increased risk associated with the combined use of cocaine and alcohol
are not fully understood, recent studies have suggested that coca-
ethylene, a metabolite of cocaine formed in the presence of alcohol,
may contribute to enhanced morbidity and mortality (Hear-n et al.
1991a). Preclinical neurochemical and behavioral data on cocaethylene
have shown that it has pharmacological properties similar to those of
cocaine (Hearn et al. 1991a). Cocaethylene, like cocaine, binds to the
dopamine transporter, inhibiting dopamine uptake and indirectly
increasing the presynaptic concentration of dopamine (Jatlow et al.
1991; Woodward et al. 1991), and it has been shown to be more toxic
than cocaine (Hearn et al. 1991b; Katz et al. 1992).

Although cocaine and cocacthylene are similar in structure, differences
in physical properties such as lipophilicity, plasma protein binding, and
the ability to serve as substrates for cholinesterases in plasma might be
expected to result in a different uptake and residence time in target
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organs. Differences in availability could result in higher drug-tissue
concentrations and longer drug duration, which could accentuate and
prolong the effects of cocaine.

However, other factors also could explain the enhanced behavioral and
toxic properties of cocaine when combined with alcohol. The
enhanced behavioral effects could relate to the combination of two
drugs that enhance dopamine concentrations in the nucleus accumbens
(Ritz et al. 1987; Seeman and Lee 1974; Di Chiara and Imperato
1988). Also, cocaine’s metabolism and pharmacokinetics could be
changed in the presence of ethanol, leading to higher and longer
lasting concentrations of cocaine or active metabolites. Such an effect
of alcohol in drug pharmacokinetics has been demonstrated for
amphetamine where coadministration with alcohol prolongs the blood
and brain levels of amphetamine (Jonsson and Lewander 1973) and for
cocaine where coadministration with alcohol results in higher blood
levels of cocaine (Perez-Reyes and Jeffcoat 1992). The direct actions
of cocaine and alcohol on target organs such as the heart also could
account for the synergistic toxicity (Masur et al. 1989).

Positron emission tomography (PET) is a nuclear-imaging technique
that allows the direct measurement of drug distribution and
pharmacokinetics in the living human brain and body (Fowler et al.
1990). Investigations on the uptake and pharmacokinetics of
[''C]cocaine in the living human and nonhuman primate brain using
PET have been done (Fowler et al. 1989, 19924). In the current study,
the authors used [''C]-labeled cocaethylene to investigate the
pharmacokinetics of cocaethylene in the baboon brain, heart, and
plasma; the findings were compared with those for [''C]cocaine
(Fowler et al. 1992b). To assess whether alcohol affects the
pharmacokinetics of cocaine, the authors have performed PET studies
with [''C]cocaine in human subjects scanned without alcohol and
during alcohol intoxication.
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MATERIALS AND METODS
Baboon Studies

The baboon studies were designed to investigate the properties of
[''C]cocaethylene as they compare with those of [''Clcocaine.
Radiotracers synthesis occurred as follows: [N-''C-methyl]cocaine
was prepared by the methylation of norcocaine with [''C]methyliodide
(Langstrom and Lundqvist 1976; Fowler et al. 1989).
[N-"'C-methyl]cocacthylene was prepared by the methylation of
norcocaethylene (Fowler et al. 1992a). Cocaine, norcocaine, and
cocaethylene were supplied by the National Institute on Drug Abuse

(NIDA).

Five adult female baboons (Papio Anubis) were anesthetized,
catheterized, and prepared for the PET study (Dewey et al. 1990).
Scanning was carried out on a CTI 931-08 Computer Technologies,
Inc., tomograph (spatial resolution of 6x6x6.5 mm full width half
maximum). Each baboon was scanned twice, 2 hours apart, to
compare [''CJcocaine with [''C]cocaethylene. Seven paired studies
were done, five with [''C]cocaine preceding [''Clcocaethylene and two
scans with [''CJcocaethylene preceding [''C]cocaine. For the studies,
[''C]cocaethylene (5 to 8 mCi:3 to 10 pg) or cocaine (5 to 8 mCi:4 to
6 ug) were injected sequentially. Dynamic scans were started
immediately after injection of the tracer and were continued for 50
minutes.

Plasma analyses were done on arterial samples to measure total
radioactivity and unchanged labeled tracer. Also, procedures regarding
blood sampling and analysis were done (Fowler et al. 19924). The
concentration of the unchanged labeled tracer in plasma was used for
the data analysis. The amount of [''C]cocaine and [''C]cocaethylene
bound to plasma proteins also was determined for these studies
(Fowler et al. 1992q).

For the analysis of the PET images, regions of interest were drawn
directly on the images. An approximate value for whole brain uptake
was obtained by averaging the activity in the five central slices.
Regions for the striatum, cerebellum, and thalamus were obtained in
the various slices where the regions were identified (Dewey et al.
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1990). The activity in these regions of interest was used to obtain the
time-activity curve for regional tissue concentration. The time-activity
curves for tissue concentration and for unchanged tracer in plasma
were used to calculate the transport constant between plasma and tissue
(K,) and to obtain the distribution volume for the various regions using
a graphical analysis technique (Logan et al. 1990). The distribution
volume is a measure of Bmax/Kd.

Human Studies

Seven normal male volunteers (ages 22 to 26 years) were studied with
[''C]cocaine (Fowler et al. 1989, 1992b). Subjects were screened for
absence of medical, psychiatric, and neurological disease. Subjects
with a past or present history of alcohol or other drug abuse in
themselves or in first-degree relatives were excluded from the
investigation. Urine samples were taken prior to the PET scan to
ensure lack of psychoactive substance consumption. Each subject
received two scans with [''C]cocaine. The first scan was done with no
pharmacological intervention, and the second scan was done 2 hours
later during alcohol intoxication. Alcohol was given orally as 1 g/kg
of ethanol during a 45-minute period, and scans were done 40 minutes
later. For three subjects, scans were obtained for their brains; for four
subjects, scans were obtained for their hearts.

Blood samples from a radial artery were obtained to quantitate total
radioactivity, unchanged [''C]cocaine, and blood alcohol concentration.
A plasma sample drawn 10 minutes after injection of [''C]cocaine was
subjected to high-pressure liquid chromatography analysis to quantitate
for labeled cocacthylene (Fowler et al. 1992b).

Regions of interest were obtained directly on the emission scans.
Regions for striatum, cerebellum, thalamus, and frontal cortex were
drawn on the various planes where they were identified, and a
“composite” value was obtained using their weighted average (Fowler
et al. 1989). Regions in the heart were obtained for the left ventricle,
septum, and left atrium (Volkow et al. 1992). The tissue and plasma
concentrations of tracer were used to calculate the distribution volume
as described for the baboon studies.
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RESULTS
Baboon Studies

Figures 1 and 2 show brain images for [''C]cocaine and for
[''C]cocaethylene taken 3 to 6 minutes and 24 to 54 minutes after
tracer injection. The pattern of distribution for both tracers in the
brain was similar during the early scanning period (3 to 6 minutes).
Maximal uptake for both tracers was obtained in the basal ganglia.
Kinetic analysis of [''C]cocaine and [''C]cocaethylene in the brain
revealed that peak uptake occurred for both tracers between 3 and 5
minutes for striatum and between 2 and 5 minutes for cortex, thalamus,
and cerebellum. The peak uptake for these two tracers (expressed as
percent dose/cm’ of tissue) was not significantly different for any of
the brain regions analyzed. In contrast to the similar pattern of uptake
for these two tracers, significant differences were observed for their
clearance; [''CJcocacthylene cleared more slowly than [''C]cocaine
from the brain.

Figure 3 shows the time-activity curve for [''C]cocaine and
[''C]cocaethylene in the whole brain (global), basal ganglia, and
cerebellum and illustrates the slower clearance for [''Clcocaethylene
(CE) relative to that of [''C]cocaine (C). The averages of the
clearance half-time are shown in table 1.

Analyses of the rate of unchanged tracer in plasma revealed that there
was a significantly higher percentage of unchanged tracer for
[''C]cocaethylene than for [''CJcocaine. Average percentages of
unchanged tracer in plasma at 10 minutes were C = 32+9.4 percent
and CE = 39.7+8.9 percent; at 30 minutes they were C=16.6+£6.8
percent and CE = 22.3+4.1 percent.

The values for the distribution volume in basal ganglia were not
significantly different for [''C]cocaine (7.4+1.9 mL/g) and
[''C]cocaethylene (7.7+1.9 mL/g). However, they were significantly
larger for [''C]cocacthylene than for [''C]cocaine in the whole brain,
basal ganglia, thalamus, and cerebellum. The distribution volume
values are shown in table 2.
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TABLE 1. Averages of the clearance half-time in min

CLEARANCE
REGION HALF-TIME
AVERAGES
Whole Brain C = 143+43
CE = 9.13+47
Striatum C = 172445
CE = 228+32
Thalamus C = 10.7+£3
CE = 3154+4
Cerebellum C=79+19

CE =120 + 24

KEY: C = cocaine; CE = cocaethylene

Incubation of samples of labeled cocaine and labeled cocaethylene with
baboon plasma for 40 minutes at room temperature, followed by thin-
layer chromatography analysis, showed that cocaine is metabolized at a
faster rate than cocacthylene. After 40 minutes, hydrolysis of cocaine
to ecgonine methyl ester is 45-percent complete, whereas hydrolysis of
cocacthylene to ecgonine ethyl ester is 15-percent complete. The
plasma-free fraction for cocaine was 33.5 percent, and for cocacthylene
it was 30.5 percent (Fowler et al. 19925).

Human Studies

Alcohol intoxication did not significantly affect [HC]cocaine
pharmacokinetics as reflected by the rate of uptake and clearance of
cocaine from the brain and heart. Also, alcohol intoxication did not
affect the pattern of distribution of [HC]cocaine nor its uptake in the
brain or heart, nor did it affect rate of metabolism of [HC]cocaine

in plasma.
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TABLE 2. Values for the distribution volume in mL/g

REGION DISTRIBUTION
VOLUME VALUES

Whole Brain C =49+1
CE = 55+1.3
Basal Ganglia C =74+19
CE = 77+£19
Thalamus C =58+13
CE = 67+1.7
Cerebellum C =46=+1.1
CE = 54+14

KEY: C = cocaine; CE = cocacthylene

NOTE: p < 0.01 paired #-test, two-tail

Distribution volumes before and during alcohol intoxication for the
brain regions were not significantly different from each other and were
within the variations previously reported for studies done on the same
subject without intervention (Logan et al. 1990). The 10-minute
plasma sample did not detect the presence of labeled cocacthylene
(Fowler et al. 1992b).

DISCUSSION

The similar rate of uptake of [HC]cocaethylene in the brain to that of
[HC]cocaine suggests that both drugs cross the blood-brain barrier to
the same extent. The distribution of [HC]cocaethylene in the baboon
brain was also similar to that of [HC]cocaine. For both tracers, the
highest uptake was basal ganglia > thalamus > cortex = cerebellum.
Both these drugs reached peak concentration in the brain at the same
time (average 2 to 5 minutes after injection). The high uptake of
[HC]cocaethylene in the basal ganglia probably represents binding to
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the dopamine transporter as shown for [HC]cocaine by Fowler and
colleagues (1989). This is likely because pharmacological studies have
shown that the affinity of cocaethylene for the dopamine transporter is
similar to that of cocaine (Heam et al. 1991a). Thus, differences
between cocaine and cocaethylene do not seem to be due to either a
difference in (1) the rate or speed of brain uptake or (2) their pattern
of regional distribution. Interestingly, the rate of clearance of
[HC]cocaethylene from the brain was slower than that of [HC]cocaine.
This slower clearance could prolong the pharmacological effects when
cocaine and alcohol are taken in combination. Similarly, the slower
clearance in plasma of cocaethylene than that of cocaine could lead to
more prolonged effects. However, the extent to which the differences
in pharmacokinetics and metabolism between the two drugs could
explain the enhanced behavioral and toxic effects of cocaine is not
clear because tolerance to cocaine develops rapidly, and decreased
cardiovascular and behavioral responses are observed even with steady-
state plasma concentrations of cocaine (Ambre 1989).

The human studies were unable to document an effect of alcohol
intoxication on the pharmacokinetics and distribution of [HC]cocaine.
This is different from what has been reported for alcohol and
amphetamines. Also, these studies were unable to document the
presence of labeled cocaethylene during the 10 minutes after
administration of [HC]cocaine.

In interpreting these results, one has to realize that the studies differ
from real-life situations in the following manner: (1) a tracer dose of
[HC]cocaine was used rather than a pharmacologically active dose; (2)
alcohol was administered prior to cocaine, and usually drug abusers
consume alcohol after they have been administering cocaine; (3) a
single administration of [HC]cocaine was given as opposed to the
repeated “binge” administration of cocaine by cocaine abusers; and (4)
the study does not reproduce the conditions of the chronic drug abuser
in whom metabolism of cocaine or alcohol may be impaired by
long-term exposure to these drugs.

The inability to detect [HC]cocaine and cocaethylene 10 minutes after
. 11 . . . . . .
injection of [ 'C]cocaine during alcohol consumption is consistent with
a recent study in humans showing that cocaethylene does not peak
until 90 to 120 minutes after coadministration of cocaine and alcohol.
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The amount of cocaethylene seen at peak is relatively low, corre-
sponding to one-sixth of that for cocaine (McCance-Katz et al. 1991).
Another study (Perez-Reyes and Jeffcoat 1992) reported a similar low
conversion, which is consistent with a recent study on the enzymatic
transesterification of cocaine in the presence of ethanol (Boyer and
Petersen 1992).

Although cocaethylene may play a role in the amount of toxicity seen
in cocaine and alcohol coadministration, other variables are probably as
important and need to be considered. In fact, it may be the direct
action of cocaine and alcohol, not their interactions, that is mainly
responsible for the enhanced toxicity when used in combination. For
example, the cardiovascular enhanced toxicity could relate to the fact
that both these drugs (1) are directly toxic to the myocardium
(Urbano-Marquez et al. 1989; Przywara and Dambach 1989), (2)
release catecholamines from adrenals (Pohorecky and Brick 1988;
Chiueh and Kopin 1978), and (3) induce vasoconstriction (Pohorecky
and Brick 1988). Similarly, the acute behavioral effects of cocaine and
alcohol could result from their effects on the same brain reward
systems (Seeman and Lee 1974; Di Chiara and Imperato 1988).

In explaining the enhanced behavioral and toxic effects seen with
coadministration of cocaine and alcohol and relating them to the
formation of cocaethylene, one has to be aware that these effects are
not specific to this particular drug combination. In fact, combination
of other stimulant drugs with alcohol or other sedative hypnotics, such
as benzodiazepines, has been shown to enhance behavioral and toxic
effects of the individual drug (Rech et al. 1976; Iverson et al. 1975;
Coleman and Evans 1975). The latter studies and the current findings
emphasize the need to consider the direct actions of alcohol and of
cocaine as one of the underlying mechanisms for their enhanced
toxicity when used in combination.
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INTRODUCTION

Abuse of the highly addictive drug cocaine results in adverse
psychological and medical consequences. The addictive properties of
the drug appear to be related, in part, to the rapid entry of the drug
into the brain, association with the brain’s dopamine systems, and short
duration of action. Swift metabolism leads to multiple and frequent
dosing with the drug, which is an added risk for getting Acquired
Immunodeficiency Syndrome (AIDS) by the intravenous route. These
sequelae have catalyzed efforts to develop drug therapeutic approaches
for cocaine addiction, particularly in view of the reported benefits of
methadone and nicotine replacement for heroin and tobacco addictions.

Brain imaging techniques can contribute to and expedite the
development of therapeutic agents, Positron emission tomography
(PET) imaging is a sensitive method for localizing drug receptors in
living brain tissue. The method can be applied to detect receptor
occupancy of candidate therapeutic drugs and to determine whether
occupancy is associated with therapeutic benefit. This chapter surveys
preliminary studies by the authors to apply PET imaging to medica-
tions development. As converging evidence suggests that brain
dopamine systems are principal targets of cocaine in the brain, the
authors’ studies focused on these systems.
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PARAMETERS OF THE STUDIES
The Dopamine Transporter

The dopamine transporter is localized on dopamine neurons and
suspends the effects of dopamine by transporting the neurotransmitter
back into the terminals from which it was released. Although cocaine
is a relatively nonselective inhibitor of the dopamine, serotonin, and
norepinephrine transport, blockade of the dopamine transporter is
strongly implicated in mediating the reinforcing properties of the drug
(Ritz et al. 1987; Madras et al. 1989a; Bergman et al. 1989). Imaging
of the dopamine transporter in vivo may be useful for monitoring
behaviorally relevant cocaine recognition sites in the brain and for
monitoring occupancy of potential drug therapies.

Cocaine Analogs as Probes for the Dopamine Transporter

The affinity of cocaine for the dopamine transporter in primate brain is
relatively low (Madras et al. 1989a), its dissociation from these sites
occurs within seconds, and approximately 25 to 30 percent of the
[3H]cocaine binding is associated with targets unrelated to the
dopamine transporter. In recent years, a number of dopamine transport
inhibitors structurally dissimilar to cocaine, including GBR 12935 and
nomifensine, were proposed as probes for the dopamine transporter
(Kuhar et al. 1990). Their suitability as probes for the dopamine
transporter, however, is limited by their association with sites in
addition to the dopamine transporter (Andersen et al. 1987, 1989;
Seeman and Niznik 1990). This limitation, combined with the
possibility that cocaine and its congeners may bind differently to the
dopamine transporter than compounds of other chemical classes (Fahey
et al. 1989; Rothman 1990), suggested the need for novel approaches
to this problem. In 1989, the high-affinity cocaine congener WIN
35,428 (Clarke et al. 1973) was proposed as a probe for the dopamine
transporter (Madras et al. 1989a).

[3H]WIN 35,428, also designated [3H]CFT, offers several advantages
over [3H]cocaine as a probe (Madras et al. 19895, table 1). The sites
labeled by [3H]CFT are of similar density and have virtually the same
pharmacological specificity as [3H]cocaine. Furthermore, the binding
isotherms of [3H]CFT model to two affinity components, a property
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TABLE 1. Comparison of the binding properties 0f[3H]cocaine and
[HJCFT (FHJWIN 35,428, Madras et al. 1989a, 1989b)

SIMILARITIES
[éH Cocaine [3H]CET
Site density 431 pmol/g 388 pmol/g
High/Low affinity yes yes
NaCl requirement yes yes
DIFFERENCES
[*H]Cocaine [*H]CFT
Affinity 283 nM 16 nM
Dissociation time seconds 23 min
Nonspecific binding 20 to 30 percent 3 to 9 percent

characteristic of [3H]cocaine binding. However, [3H]CFT is superior to
[3H]cocaine inasmuch as its affinity is higher and its dissociation from
these sites is slower (> 20 min versus seconds), which results in highly
reproducible binding data. Most significantly for brain imaging,
nonspecific binding of [3H]CFT is less than 10 percent, and frequently
less than 5 percent, a value considerably lower than that of [3H]cocaine
(20 to 30 percent). The markedly low level of nonspecific binding
observed in homogenates was the authors’ initial impetus to develop
radiolabeled CFT and similar congeners as imaging agents.

Brain Distribution of [°H]CFT (WIN 35,428)

Subsequent experimental findings with [3H]CFT supported the authors’
initial proposal and the progressive development of [3H]CFT for this
application. [3H]CFT distributed primarily to dopamine-rich regions of
primate brain (Canfield et al. 1990; Kaufman et al. 1991; Kaufman and
Madras 1992). [3H]CFT binding sites in the caudate-putamen and
nucleus accumbus were relevant to the behavioral effects of cocaine
(Madras 1989c¢). The sites were localized presynaptically (Kaufman
and Madras 1991). In this regard, earlier studies reported a severe
depletion of [3H]CFT binding in post-mortem human Parkinson’s
diseased caudate and putamen compared with controls (Madras et al.
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1990; Kaufman and Madras 1991). These brain regions undergo a
marked loss of dopamine fibers in the course of Parkinson’s disease.
An additional advantage of [3H]CFT was the high striatum:cerebellum
ratio (3.3:5.6) observed by ex vivo autoradiography between 30 and 90
min, a period of time corresponding to a serviceable timeframe for a
PET imaging procedure (Kaufman and Madras 1992, 1993). Finally,
whereas a number of cocaine congeners bind to both the dopamine and
serotonin transporter (Boja et al. 1992; Kaufman and Madras 1992;
Laruelle et al. 1993), CFT demonstrated the highest selectivity,
fifteenfold, for the dopamine compared with the serotonin transporter
of compounds available during this period (Meltzer et al. 1993).

[''CICFT as a PET Ligand

A project was initiated to evaluate [HC]CFT as a PET imaging probe
for cocaine recognition sites associated with the dopamine transporter.
Adult male and female cynomolgus monkeys (Macacafascicularis)
were used for the imaging studies. PET imaging was conducted with a
high-resolution positron emission tomograph (PCR-1, Brownell et al.
1985). The resolution of PCR-1 for a point source at the center is 4.5
mm, and the sensitivity is 46,000 counts per s for a source 20 cm in
diameter with a concentration of 1 uCi/ml and a plane thickness of 1
cm. The plane thickness, 5 mm, used in these studies were obtained
by the use of cylindrical collimators, which limited the effective height
of the detectors. Each monkey was anesthetized, and PET imaging
was conducted as described previously (Hantraye et al. 1992).
Indwelling venous and arterial catheters were used for drug injections
and for monitoring blood levels of [HC]CFT. Sequential dynamic
imaging for 90 min was carried out at earbar levels corresponding to
30 mm, 25 mm, 20 mm, 15 mm, 10 mm, -5 mm, and - 10 mm. Data
were corrected for sensitivity and attenuation using a mathematical
correction. For image reconstruction, a Hanning windowed filter
convolution backprojection was used. Calibration of the camera was
performed using a cylindrical plastic phantom (0 = 6 cm) and 1Bp.
solution, and cross calibration with the same solution was conducted
using a gamma counter. Regions of interest (ROI) were drawn over
the caudate, putamen, cortex, and cerebellum, and subsequently
striatal:cerebellar and cortical:cerebellar ratios were calculated.
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RESULTS
[11C]CFT Accumulation in the Striatum

The accumulation of [HC]CFT in the brain was evident within 2.5 min,
and it was observed initially in the cortex, striatum, and additional
brain regions. Within 40 min, regions other than the striatum were
cleared of the radioligand, and dynamic images showed high uptake of
[HC]CFT in the caudate and putamen, which increased as a function of
time for at least 100 min (figure 1). The ratio of specific to non-
specific binding was determined by comparing the uptake in the
caudate nucleus and putamen with the uptake in the cerebellum. At 90
min, the striatum:cerebellum ratio was 4.21+0.02 and 4.88+0.25 for the
caudate nucleus and putamen, respectively. The ratio for the putamen
was consistently 15 percent higher, a finding that corresponded with an
earlier report using [3H]CFT (Kaufman et al. 1991).

Pharmacological Specificity of [''C]JCFT Binding Sites

In order to determine whether binding was principally to the dopamine
transporter, the effects of a number of selective and nonselective
dopamine transport inhibitors on [HC]CFT accumulation was
determined. The dopamine transport inhibitors (-)-cocaine, GBR
12909, and mazindol, at doses that produce behavioral stimulation
(Spealman et al. 1989), attenuated the accumulation of [HC]CFT
(Madras et al. 1991). In contrast, the selective and high-affinity
serotonin transport inhibitor citalopram did not appreciably alter the
accumulation of [HC]CFT in striatum at low doses, but it did so at
higher doses.

The present results clearly indicate that [HC]CFT is a promising ligand
for monitoring behaviorally relevant cocaine binding sites in striatum
and for monitoring dopamine terminals. Its striatum:cerebellum ratio is
higher than other PET ligands targeted to the dopamine transporter, its
pharmacokinetic properties are suitable for imaging, and its initial
metabolism is minimal (Kaufman and Madras 1992). Consequently,
PET imaging of the dopamine transporter may expedite research in
cocaine abuse. Equally important, it may serve as a powerful method
for measuring the onset time and length of occupancy of cocaine
therapeutic agents targeted to the dopamine transporter.
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FIGURE 1. Accumulation of ["'CJCFT in monkey striatum as a function of time



The low level of nonspecific binding also suggested that radiolabeled
CFT may be a marker for Parkinson’s disease. This application for
both [HH]CFT and [HC]CFT has been documented (Madras et al. 1990;
Kaufman and Madras 1991; Hantraye et al. 1992), and it demonstrates
an unanticipated benefit of cocaine research.

IMPLICATIONS
Applications of [11C]CPT for Medications Development

The mounting evidence that dopamine contributes significantly to
mediating the effects of cocaine offers several avenues for medications
development. Among classes of drugs to be considered are com-
pounds that target the dopamine transporter or dopamine receptors,
including potential cocaine antagonists (Kitayama et al. 1992). Drug
substitutes are the most frequently prescribed and effective medications
used in the treatment of drug abuse. Cocaine substitutes require a
careful consideration of the potential benefits of candidate compounds.
In addition to efficacy, factors to be considered are comparisons
between candidate compounds and cocaine with regard to abuse
liability; behavioral, physiological, neurochemical, and toxic sequelae;
and oral efficacy. Such information is needed to weigh carefully the
risks and benefits of such an approach. Although a number of
dopamine transport inhibitors are thought to exhibit less abuse liability
than cocaine, this assumption should be validated by comparing the
effects of candidate compounds when administered by the same routes
as cocaine.

Criteria for therapeutic agents that target the dopamine transporter have
not been clearly established. A candidate therapeutic agent that
demonstrates a longer onset time and prolonged duration of action may
offer some advantages. In this regard, the slow onset may result in
diminished euphoric effects compared with cocaine, and the long
duration of action may minimize frequent dosing, thereby reducing the
risk of acquiring AIDS by the intravenous route. One example of such
a drug is indantraline (Lu 19-005), which has a relatively slow onset
and long duration of action (> 2 d) in primates (Rosenzweig-Lipson et
al. 1992).
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The authors administered indantraline (0.2 mg/kg) 24 h prior to onset
of a PET imaging procedure. At this low dose, equivalent to one-fifth
the dose that generated behavioral stimulation for longer than 2 d,
uptake of [HC]CFT was reduced in two of three animals. At 60 min
into the PET imaging procedure, [HC]CFT accumulation was reduced
by 31 percent in the caudate nucleus and by 25 percent in the
putamen. These results suggest that prolonged stimulation by
indantraline may be related directly to occupancy of the dopamine
transporter. Furthermore, the results demonstrate the feasibility of
using PET imaging to identify whether candidate compounds occupy
the dopamine transporter in the brain and to measure the occupancy
period.

The long duration of action of indantraline may be related to its high
affinity (0.081 pM) for the dopamine transporter in monkey brain and
possibly to its occupancy of the serotonin transporter in the periphery
(Madras et al. 1993). In this regard, another high-affinity serotonin
transport inhibitor, RTI-55 (Boja et al. 1992), was shown to accumu-
late in high concentrations in lung, a potential depot for drugs that are
potent inhibitors of serotonin transport (Kaufman and Madras 1992).

PET Imaging of the D, Dopamine Receptor

Because they are the indirect targets of cocaine, dopamine receptors
represent another potential target for therapeutic agents. Although two
families of dopamine receptors are found in the brain, D, and D,, the
majority of drugs currently available are of the D, type. D, agonists
and antagonists have received attention as possible therapeutic agents
(Preston et al. 1992). The adverse side effects of agonists
(dyskinesias) and antagonists (extrapyramidal signs) has focused
interest on antagonists with reduced extrapyramidal signs. Recently,
researchers have focused more attention on drugs that target the D,
dopamine receptor. The authors have initiated studies to determine
whether D; agonists occupy D; dopamine receptors in vivo. The D,
receptor was imaged with [HC]SCH 39166, a selective D, receptor
antagonist that accumulates in high concentrations in the striatum. A
preliminary study using an MPTP-treated monkey has demonstrated D,
receptor occupancy by the selective D, agonist, SKF 81297 (Madras et
al. 1992).
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CONCLUSION

These preliminary studies demonstrate the potential utility of PET as a
technique for imaging the dopamine transporter, a principal target of
cocaine in the brain. Furthermore, they illustrate a potential appli-
cation of PET imaging in medications development. PET imaging
appears to be useful for identifying the receptor targets of candidate
compounds. PET also may be useful for assessing whether a com-
pound, which produces prolonged stimulant effects, occupies the
dopamine transporter during the timeframe that behavioral effects are
measurable. Thus, combined with other strategies, PET imaging
studies can accelerate preclinical evaluation of potential cocaine
therapeutic agents.
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